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Abstract 
During their operation, modern aircraft engine components are subjected to increasingly demanding operating conditions, 
especially the high pressure turbine (HPT) blades. Such conditions cause these parts to undergo different types of time-dependent 
degradation, one of which is creep. A model using the finite element method (FEM) was developed, in order to be able to predict 
the creep behaviour of HPT blades. Flight data records (FDR) for a specific aircraft, provided by a commercial aviation 
company, were used to obtain thermal and mechanical data for three different flight cycles. In order to create the 3D model 
needed for the FEM analysis, a HPT blade scrap was scanned, and its chemical composition and material properties were 
obtained. The data that was gathered was fed into the FEM model and different simulations were run, first with a simplified 3D 
rectangular block shape, in order to better establish the model, and then with the real 3D mesh obtained from the blade scrap. The 
overall expected behaviour in terms of displacement was observed, in particular at the trailing edge of the blade. Therefore such a 
model can be useful in the goal of predicting turbine blade life, given a set of FDR data. 
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Abstract 
In-situ experimental data and structural analysis of recovered samples are used to support the multiscale modeling of dynamic 
strain localization and damage-failure transitio  as  the precurs rs of adiabatic shear failure. New mechanism of adiabatic shear 
failure formation is proposed that links the multiscale collective behavior of typical mesoscopic defects (microshears) and 
generation of collective modes of defects responsible for characteristic stages of strain and damage localization under dynamic 
loading. 
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1. Mechanisms of adiabatic shear failure 
A major dynamic d formation and failure mechanism of crystalline solids consi ts of abrupt localization of the 
plastic deformation into narrow zones referred as dia atic shear bands (ASB) (Bai and Dodd (1992)). Z ner and 
Holomon (1944) proposed that the inherent temperature rise causes material softening, which may overcome the 
strain hardening effect, ultimately leading to strain localization. However, for most materials exhibiting dynamic 
localization, the temperature rise prior to the loss of load-bearing capacity is quite small and apparently insufficient 
to significantly soften the uniformly deforming material. Alternatively, it was proposed in (Naimark (2003), Rittel et. 
al (2006)), that the dynamic stored energy of cold work, namely the part of the energy that is not dissipated into heat 
causes microstructural rearrangements with the formation of new nano-sized grains. The presented viewpoint is 
based on the experimental observations of defect induced microstructure rearrangements providing the effective 
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mechanisms of structural relaxation and damage-failure transition. This mechanism has the nature of defect induced 
critical phenomena (structural-scaling transition) providing the microstructural rearrangements due to the stored 
(defect induced) energy release. A thermal phenomenon is observed at early stage of dynamic deformation, when 
thermal effects are insignificant. Two main phenomena are related to dynamic fracture mechanisms: fracture due to 
the creation of new surfaces and the localization of deformation with the formation of specific defect induced pattern 
as the precursor to fracture. These phenomena have pronounced difference under dynamic loading conditions, when 
the wave propagation provides “resonance” regime of defect induced structure rearrangement and damage 
localization. Thermocoupling effects lead to an important temperature rise showing that the latter is not significant in 
many materials until the late failure stage. However, we clarify that microstructural evolution that has the features of 
criticality in defect ensembles can be identified as a key factor in the generation of adiabatic shear bands. Physically 
identical conclusion was made in (Rittel et. al (2006)), where strain localization as the precursor of ASB failure was 
linked with the so-called dynamic recrystallization, when the structural rearrangements of initial grain structure are 
refined and then intensively grow. 
The present paper is devoted to the theoretical and experimental study of mechanical and physical aspects of 
shear instability and damage localization as specific forms of instability in mesodefect ensembles. A constitutive 
model of collective behavior of microshear ensembles is applied to the interpretation of the shear localization and 
the transition to failure in torsional Kolsky bar test. The nonlinear scenario of shear band nucleation and 
transformation of shear bands into the damage localization areas are analyzed in the terms of the evolution of 
spatially localized collective modes of mesodefects. Structural analyses from Transmission Electron Microscopy 
(TEM) observation support the interpretation of characteristic stages of deformation. 
 
Nomenclature 
p  microshear density tensor  
   structural-scaling parameter 
0r  characteristic size of the defect nuclei 
R   distance between defects 
F free energy 
*,c   critical values of structural-scaling parameter 
t time 
x coordinate 
  total strain tensor 
 
2. Critical phenomena and shear band formation in high strain rates 
The paradigm of stable plastic flow is in contradiction with the results in the physics of plastic flow for 
crystalline materials, where the mechanism of the plastic flow was linked with the discrete part of deformation due 
to the dislocations motion. Qualitative new picture of plastic flow arose, when numerous burst deformation areas 
appear in the conditions of pronounced long-range spatial-temporal correlations. The nucleation and evolution of 
these areas are associated with plastic instability of qualitative new features, when the stochastic bursts of localized 
plasticity are observed on the free spatial-temporal scales. High-strain rate responses of ductile materials (shear band 
formation, damage localization) are linked with specific type of criticality (structural-scaling transitions) in 
microshear ensemble that allowed the formulation of mechanical model for the interpretation of shear localization 
and damage-failure transition. The self-organization in shear band ensembles, transformation of shear bands into the 
damage localization areas are described as the generation of multiscale collective modes of microshears (solitary 
waves and blow-up dissipative structures).  Experimental data allowed the conclusion that the mechanisms leading 
to the first and second localization are basically different.  
Numerous works in theoretical analysis, numerical simulations and structural studies have been performed to 
explain the mechanisms and governing factors of shear localization and fracture along the shear band (Austin et al., 
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2011; Batra et al., 2001; Bronkhorst et al., 2006; Cerreta et al., 2009; Daridon et al., 2004; Medyanik et al., 2007; 
McDowell, 2010; Rittel, 2009; Rittel et al., 2006; Yang et al., 2008; Zhou et al., 2006). The study of scaling laws of 
the adiabatic shear band (ASB) failure in the comparison with the modeling is still allowed the conclusion that 
'analysis of localized plastic shearing deformation is currently limited by a lack of critical comparisons of theory and 
experiments' (Anand et al., 1990; McDowell, 2010; Austin et al., 2011).  
Important aspect is that there is not unified view on the nature of this phenomenon and, as the consequence, the 
modeling. It can be linked to the understanding of damage-failure transition scenario, including characteristic stages 
of damage localization kinetics. The scaling laws of these transitions supported by the structural observation of 
multiscale microstructure evolution could improve the understanding of the relation of shear localization and the 
structure of the material. The effect of initial microstructure, changes in microstructure occurring during localization 
and the shear band formation can be performed in terms of scaling laws of microstructure evolution, corresponding 
self-similar solutions of constitutive equations for the evolving microstructure leading to characteristic stages of 
shear instability and transition to failure (Anand et al., 1990).  
Theoretical approaches analyzing shear bands were developed in (Bai, 1982; Clifton et al., 1984; Molinari et al., 
1983; Molinari, 1985; Molinari, 1988; Molinari, 1997; Wright et al., 1987; Grady et al., 1987; Wright, 1992; Wright 
et al., 1996; Zhou et al., 2006; Yang et al., 2008). The generation of shear bands is linked traditionally to the 
existence of a maximum on the stress-strain curve. This maximum is due to the competition between the stabilizing 
effect of the hardening due to the strain, and the destabilizing effect of the thermal softening. The theories for 
predicting shear band spacing can be classified into two types. The approach that was developed by Grady et al. 
(1987) is based on an idea of Mott (Mott et al., 1958) concerning the link of momentum diffusion and the local 
unloading, that produces a rigid region between the shear bands. The second approach uses a perturbation analysis at 
the critical transition from stable to unstable plastic deformation. Linear perturbation analysis was first introduced in 
the context of adiabatic shear banding by Molinari et al. (1983). Grady (1992) and Wright et al. (1996) developed 
such analysis for one-dimensional simple shear. Molinari (1997) modified the Wright-Ockendon model for strain 
hardening materials. It was shown that fastest growing perturbation wavelength can be associated with the instability 
corresponding to the minimum spacing. It was noticed that on the top of a broad standing wave of strain rate a spike 
is formed, but final configuration of a fully formed shear band is the consequence of intense nonlinear interactions. 
It was also concluded that the shear band interactions are complex phenomena and the spacing cannot be predicted 
by the one-dimensional perturbation theory. The general physical idea concerning the origin of shear bands in the 
above-mentioned papers is based on the competition between the mechanisms of thermal softening due to plastic 
heating, and hardening in deforming materials. The physical criterion for dynamic shear band initiation and 
propagation was formulated in (Medyanik et al., 2007) using multi-physics models adopted to describe and predict 
the complex constitutive behavior of ASBs in ductile materials. This physical criterion is based on the hypothesis 
that material inside the shear band region undergoes a dynamic recrystallization process during deformation under 
high temperature and high strain-rate conditions. Recently, the localization of the plastic deformation into a band has 
been analyzed in mathematical terms as a bifurcation phenomenon and the emergence of a localized solution for the 
displacement field (Rittel, 2009). 
Statistically based phenomenology of solid with mesodefects (microshears in our case) (Naimark (2004)) can be 
used to analyze the kinetics of strain and damage localization and scaling properties related to the link of the stages 
of strain localization and the width of localization areas. Taking into account the kinematics of instabilities in solid 
under plastic flow the microscopic parameter related to the microshears can be introduced as the macroscopic tensor 
of microshear density ikp  that determines the microshear induced strain. The formulation of statistical problem for 
the microshear ensemble revealed the existence of additional order parameter for the continuum with the 
microshears, the so-called, structural-scaling parameter  . This parameter represents the ratio of two characteristic 
scales in a solid with mesodefects  30~ R r , where 0r  is characteristic size of the defect nuclei, R  is the distance 
between defects. Structural-scaling parameter reflects the sensitivity of material to the growth of microshears on the 
preexisting nuclei and the current sensitivity considering the microshears as activated embryos. Statistical approach 
allowed the definition of thermodynamic potential, non-equilibrium (stored) free energy  ,ikF p   in the terms of 
independent variables ,ikp  .  
Theoretical study was conducted for shear test corresponding to the torsional Kolsky bar experiment for short 
twin-walled tube specimen (Giovanola (1988)).  Constitutive equations (Naimark (2004)) provide the description of 
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mechanisms of structural relaxation and damage-failure transition. This mechanism has the nature of defect induced 
critical phenomena (structural-scaling transition) providing the microstructural rearrangements due to the stored 
(defect induced) energy release. A thermal phenomenon is observed at early stage of dynamic deformation, when 
thermal effects are insignificant. Two main phenomena are related to dynamic fracture mechanisms: fracture due to 
the creation of new surfaces and the localization of deformation with the formation of specific defect induced pattern 
as the precursor to fracture. These phenomena have pronounced difference under dynamic loading conditions, when 
the wave propagation provides “resonance” regime of defect induced structure rearrangement and damage 
localization. Thermocoupling effects lead to an important temperature rise showing that the latter is not significant in 
many materials until the late failure stage. However, we clarify that microstructural evolution that has the features of 
criticality in defect ensembles can be identified as a key factor in the generation of adiabatic shear bands. Physically 
identical conclusion was made in (Rittel et. al (2006)), where strain localization as the precursor of ASB failure was 
linked with the so-called dynamic recrystallization, when the structural rearrangements of initial grain structure are 
refined and then intensively grow. 
The present paper is devoted to the theoretical and experimental study of mechanical and physical aspects of 
shear instability and damage localization as specific forms of instability in mesodefect ensembles. A constitutive 
model of collective behavior of microshear ensembles is applied to the interpretation of the shear localization and 
the transition to failure in torsional Kolsky bar test. The nonlinear scenario of shear band nucleation and 
transformation of shear bands into the damage localization areas are analyzed in the terms of the evolution of 
spatially localized collective modes of mesodefects. Structural analyses from Transmission Electron Microscopy 
(TEM) observation support the interpretation of characteristic stages of deformation. 
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crystalline materials, where the mechanism of the plastic flow was linked with the discrete part of deformation due 
to the dislocations motion. Qualitative new picture of plastic flow arose, when numerous burst deformation areas 
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experiments' (Anand et al., 1990; McDowell, 2010; Austin et al., 2011).  
Important aspect is that there is not unified view on the nature of this phenomenon and, as the consequence, the 
modeling. It can be linked to the understanding of damage-failure transition scenario, including characteristic stages 
of damage localization kinetics. The scaling laws of these transitions supported by the structural observation of 
multiscale microstructure evolution could improve the understanding of the relation of shear localization and the 
structure of the material. The effect of initial microstructure, changes in microstructure occurring during localization 
and the shear band formation can be performed in terms of scaling laws of microstructure evolution, corresponding 
self-similar solutions of constitutive equations for the evolving microstructure leading to characteristic stages of 
shear instability and transition to failure (Anand et al., 1990).  
Theoretical approaches analyzing shear bands were developed in (Bai, 1982; Clifton et al., 1984; Molinari et al., 
1983; Molinari, 1985; Molinari, 1988; Molinari, 1997; Wright et al., 1987; Grady et al., 1987; Wright, 1992; Wright 
et al., 1996; Zhou et al., 2006; Yang et al., 2008). The generation of shear bands is linked traditionally to the 
existence of a maximum on the stress-strain curve. This maximum is due to the competition between the stabilizing 
effect of the hardening due to the strain, and the destabilizing effect of the thermal softening. The theories for 
predicting shear band spacing can be classified into two types. The approach that was developed by Grady et al. 
(1987) is based on an idea of Mott (Mott et al., 1958) concerning the link of momentum diffusion and the local 
unloading, that produces a rigid region between the shear bands. The second approach uses a perturbation analysis at 
the critical transition from stable to unstable plastic deformation. Linear perturbation analysis was first introduced in 
the context of adiabatic shear banding by Molinari et al. (1983). Grady (1992) and Wright et al. (1996) developed 
such analysis for one-dimensional simple shear. Molinari (1997) modified the Wright-Ockendon model for strain 
hardening materials. It was shown that fastest growing perturbation wavelength can be associated with the instability 
corresponding to the minimum spacing. It was noticed that on the top of a broad standing wave of strain rate a spike 
is formed, but final configuration of a fully formed shear band is the consequence of intense nonlinear interactions. 
It was also concluded that the shear band interactions are complex phenomena and the spacing cannot be predicted 
by the one-dimensional perturbation theory. The general physical idea concerning the origin of shear bands in the 
above-mentioned papers is based on the competition between the mechanisms of thermal softening due to plastic 
heating, and hardening in deforming materials. The physical criterion for dynamic shear band initiation and 
propagation was formulated in (Medyanik et al., 2007) using multi-physics models adopted to describe and predict 
the complex constitutive behavior of ASBs in ductile materials. This physical criterion is based on the hypothesis 
that material inside the shear band region undergoes a dynamic recrystallization process during deformation under 
high temperature and high strain-rate conditions. Recently, the localization of the plastic deformation into a band has 
been analyzed in mathematical terms as a bifurcation phenomenon and the emergence of a localized solution for the 
displacement field (Rittel, 2009). 
Statistically based phenomenology of solid with mesodefects (microshears in our case) (Naimark (2004)) can be 
used to analyze the kinetics of strain and damage localization and scaling properties related to the link of the stages 
of strain localization and the width of localization areas. Taking into account the kinematics of instabilities in solid 
under plastic flow the microscopic parameter related to the microshears can be introduced as the macroscopic tensor 
of microshear density ikp  that determines the microshear induced strain. The formulation of statistical problem for 
the microshear ensemble revealed the existence of additional order parameter for the continuum with the 
microshears, the so-called, structural-scaling parameter  . This parameter represents the ratio of two characteristic 
scales in a solid with mesodefects  30~ R r , where 0r  is characteristic size of the defect nuclei, R  is the distance 
between defects. Structural-scaling parameter reflects the sensitivity of material to the growth of microshears on the 
preexisting nuclei and the current sensitivity considering the microshears as activated embryos. Statistical approach 
allowed the definition of thermodynamic potential, non-equilibrium (stored) free energy  ,ikF p   in the terms of 
independent variables ,ikp  .  
Theoretical study was conducted for shear test corresponding to the torsional Kolsky bar experiment for short 
twin-walled tube specimen (Giovanola (1988)).  Constitutive equations (Naimark (2004)) provide the description of 
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two mechanisms of relaxation: the viscous (homogeneous) flow and the mechanism of “structural relaxation” due to 
the stored energy release / xzF p   related to the component xzp  of the microshear density tensor. Dimensionless 
constitutive equations for shear test of twin-walled tube specimen have the following form: 
1 2
2
3 4 5 2
6
,
pГ Г
t x t
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t p x t x
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x
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where , , , , , ,p F t x      - are dimensionless stress, microshear density, velocity, free energy, total strain, time and 
space coordinate respectively. Numerical study was carried out for two types of initial conditions for structural-
scaling parameter  to realize experimentally observed strain localization scenario (single and numerous 
localization areas). The first one correspond to a deterministic initial distribution of 00t    ( 0 1.1472  ) along 
the axial z-axis. The second is a random (Gaussian) distribution of 00 ( , )t N     (   is the mean square 
variance).  Boundary condition for numerical simulation was:  , 0xp   for 1x  . Specimen loading was set in the 
form of linear increasing of stress at boundaries up to 0.2t  . The parameters 1 6Г  were determined using 
experimental data from HY-100 steel (Marchand and Duffy, 1988), for which, C = 3200ms−1, r = 7872kg/m−3 and G 
= 80MPa. They were estimated from quasi-static and dynamic stress-strain curves. 
 
 
Fig. 1. Profiles of p(x, t)  and the total strain (x, t)  for scaled spatial-temporal coordinates ( x, t ) and the constant value of 0 1.1472t     
for different values of t  (1: 1.8354t  , 2: 1.9515t  , 3:  2.0677t  , 4: 2.1838t  , 5: 2.3t  ) 
 
Fig. 1 and Fig. 2 represent 3D and one-dimensional plots of p-kinetics and the total strain (for different values of 
t ), obtained for the constant and the random initial distribution of   respectively. In Fig. 1 the profiles of p(x, t)  
and (x, t)  show the existence of three characteristic stages. The first stage corresponds to the quasi-homogeneous 
kinetics of p-growth (up to the characteristic time t 1.5 ) and the shear strain distribution increases up to a nominal 
strain value of about 0.05. In the second stage, the pattern of micro-shear density is transformed into localized area 
of defects growth. Localized strain increases continuously near the central region of the specimen. It is observed a 
decrease in the width of the region over which localization is occurring. The subjection of the p-evolution to the 
blow-up kinetics of the micro-shear growth can be linked to the precursor of the ASB failure (third stage). 1D 
temporal representation of the bifurcation scenario shown in Fig.1 for t 1.5 illustrates the non-linear dynamics of 
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transition from strain localization to the ASB formation stage (blow-up regime) at t 2.3 . For random distribution 
of initial 0  (Fig. 2), the existence of the same three stages can be reported as randomly distributed areas of strain 
localization along the specimen. 
 
 
a b 
Fig 2. Profiles of p(x, t)  and the total strain (x, t)  for the Gaussian initial distribution of   for different values of t  (1: 1.8354t  , 2: 
1.9515t  , 3:  2.0677t  , 4: 2.1838t  , 5: 2.3t  ). 
 
The existence of three characteristic stages is in the correspondence with experimental data presented in 
(Marchand et al., 1988; Giovanola, 1988). At the initial stage, the equal values of strain were observed 
experimentally in the circumferential direction. The temporal stability of the second stage of localization is in the 
accordance to experimental data concerning the uniformity of the amplitude and the width of localization around the 
specimen. As soon as the strain localization forms the total strain rapidly increases that corresponds to the path in 
metastability area for p due to the  -kinetics. At the final of the second stage a new temporal scenario of 
localization starts, which corresponds to experimentally observed strain localization kinetics when the strain rate 
jumps more than an order magnitude to values larger than 105 s-1  and approaches to value ~106 s-1  (Marchand and 
Duffy (1998)). Abrupt change of the strain localization kinetics occurs due the path of the c - critical value of 
structural-scaling parameter and qualitative change in the kinetics of free energy release. Different scenario of strain 
localization and shear band generation can be analyzed to consider the types of the self-similar solution  ,xzp x t  in 
different characteristic ranges of   (Naimark (2003)). The self-similar solution in the form of the auto-solitary 
waves exists in the range *c    , where the collective shear modes appear at the front of solitary wave. A 
transition through the bifurcation point c is accompanied by the appearance of spatio-temporal structures of a 
qualitatively new type characterized by explosive accumulation of microshears on the spectrum of spatial scales 
(“blow-up” dissipative structures)  (Naimark (2003)). Results of numerical solution presented in Figure 2. for 
stochastic distribution of initial  reveal the low sensitivity of the strain localization kinetics on the second stage,  
but extremely high sensitivity for the third stage according to “blow-up” kinetics: several peaks were observed at the 
transient regime between two stages. This result supports experimentally observed very large difference in the 
magnitute of the localized strains at different sites that was  not lie in a single plane of shear band generating along 
the circumferential coordinate of the specimen. 
3. Microstructural effects on adiabatic shear band formation 
For qualitative interpretation of results of modeling, experiments on ASB initiation were conducted. 
Microstructural effects were studied for the conjugate fracture surface area near the failed shear band and yielded 
the micromechanism associated with shear band fracture. The primary objectives of metallographic and 
fractographic study were: (1) to provide the support of theoretical results about the link of qualitative changes of 
structure leading to shear instability and the ASB failure; (2) to elucidate the microscopic process associated with 
multiscale evolution of shear bands, the ASB formation zones and microstructure induced scaling properties; (3) to 
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two mechanisms of relaxation: the viscous (homogeneous) flow and the mechanism of “structural relaxation” due to 
the stored energy release / xzF p   related to the component xzp  of the microshear density tensor. Dimensionless 
constitutive equations for shear test of twin-walled tube specimen have the following form: 
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where , , , , , ,p F t x      - are dimensionless stress, microshear density, velocity, free energy, total strain, time and 
space coordinate respectively. Numerical study was carried out for two types of initial conditions for structural-
scaling parameter  to realize experimentally observed strain localization scenario (single and numerous 
localization areas). The first one correspond to a deterministic initial distribution of 00t    ( 0 1.1472  ) along 
the axial z-axis. The second is a random (Gaussian) distribution of 00 ( , )t N     (   is the mean square 
variance).  Boundary condition for numerical simulation was:  , 0xp   for 1x  . Specimen loading was set in the 
form of linear increasing of stress at boundaries up to 0.2t  . The parameters 1 6Г  were determined using 
experimental data from HY-100 steel (Marchand and Duffy, 1988), for which, C = 3200ms−1, r = 7872kg/m−3 and G 
= 80MPa. They were estimated from quasi-static and dynamic stress-strain curves. 
 
 
Fig. 1. Profiles of p(x, t)  and the total strain (x, t)  for scaled spatial-temporal coordinates ( x, t ) and the constant value of 0 1.1472t     
for different values of t  (1: 1.8354t  , 2: 1.9515t  , 3:  2.0677t  , 4: 2.1838t  , 5: 2.3t  ) 
 
Fig. 1 and Fig. 2 represent 3D and one-dimensional plots of p-kinetics and the total strain (for different values of 
t ), obtained for the constant and the random initial distribution of   respectively. In Fig. 1 the profiles of p(x, t)  
and (x, t)  show the existence of three characteristic stages. The first stage corresponds to the quasi-homogeneous 
kinetics of p-growth (up to the characteristic time t 1.5 ) and the shear strain distribution increases up to a nominal 
strain value of about 0.05. In the second stage, the pattern of micro-shear density is transformed into localized area 
of defects growth. Localized strain increases continuously near the central region of the specimen. It is observed a 
decrease in the width of the region over which localization is occurring. The subjection of the p-evolution to the 
blow-up kinetics of the micro-shear growth can be linked to the precursor of the ASB failure (third stage). 1D 
temporal representation of the bifurcation scenario shown in Fig.1 for t 1.5 illustrates the non-linear dynamics of 
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transition from strain localization to the ASB formation stage (blow-up regime) at t 2.3 . For random distribution 
of initial 0  (Fig. 2), the existence of the same three stages can be reported as randomly distributed areas of strain 
localization along the specimen. 
 
 
a b 
Fig 2. Profiles of p(x, t)  and the total strain (x, t)  for the Gaussian initial distribution of   for different values of t  (1: 1.8354t  , 2: 
1.9515t  , 3:  2.0677t  , 4: 2.1838t  , 5: 2.3t  ). 
 
The existence of three characteristic stages is in the correspondence with experimental data presented in 
(Marchand et al., 1988; Giovanola, 1988). At the initial stage, the equal values of strain were observed 
experimentally in the circumferential direction. The temporal stability of the second stage of localization is in the 
accordance to experimental data concerning the uniformity of the amplitude and the width of localization around the 
specimen. As soon as the strain localization forms the total strain rapidly increases that corresponds to the path in 
metastability area for p due to the  -kinetics. At the final of the second stage a new temporal scenario of 
localization starts, which corresponds to experimentally observed strain localization kinetics when the strain rate 
jumps more than an order magnitude to values larger than 105 s-1  and approaches to value ~106 s-1  (Marchand and 
Duffy (1998)). Abrupt change of the strain localization kinetics occurs due the path of the c - critical value of 
structural-scaling parameter and qualitative change in the kinetics of free energy release. Different scenario of strain 
localization and shear band generation can be analyzed to consider the types of the self-similar solution  ,xzp x t  in 
different characteristic ranges of   (Naimark (2003)). The self-similar solution in the form of the auto-solitary 
waves exists in the range *c    , where the collective shear modes appear at the front of solitary wave. A 
transition through the bifurcation point c is accompanied by the appearance of spatio-temporal structures of a 
qualitatively new type characterized by explosive accumulation of microshears on the spectrum of spatial scales 
(“blow-up” dissipative structures)  (Naimark (2003)). Results of numerical solution presented in Figure 2. for 
stochastic distribution of initial  reveal the low sensitivity of the strain localization kinetics on the second stage,  
but extremely high sensitivity for the third stage according to “blow-up” kinetics: several peaks were observed at the 
transient regime between two stages. This result supports experimentally observed very large difference in the 
magnitute of the localized strains at different sites that was  not lie in a single plane of shear band generating along 
the circumferential coordinate of the specimen. 
3. Microstructural effects on adiabatic shear band formation 
For qualitative interpretation of results of modeling, experiments on ASB initiation were conducted. 
Microstructural effects were studied for the conjugate fracture surface area near the failed shear band and yielded 
the micromechanism associated with shear band fracture. The primary objectives of metallographic and 
fractographic study were: (1) to provide the support of theoretical results about the link of qualitative changes of 
structure leading to shear instability and the ASB failure; (2) to elucidate the microscopic process associated with 
multiscale evolution of shear bands, the ASB formation zones and microstructure induced scaling properties; (3) to 
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identify the microstructure changes in the vicinity of the shear band fracture surface to improve the understanding of 
shear banding transition at the microscopic level.  
Microstructural effects that lead to the dynamic strain localization and adiabatic shear banding and the formation 
of plastic strain instability resulting in the plug formation were studied in aluminum and copper alloy samples 
subject to the impact by long steel projectile. Microstructural analysis in the area of plug formation allowed us to 
restore the structural scenario of intensive deformation in aluminum target including the morphology of fracture 
surface. It was established by the selected etching of the sub-surface layer (the longitudinal target cross-section), that 
the density of shear bands increased dramatically and reached to the critical slip band density approaching to the 
fracture surface area (Lyapunova et al. (2012)). Formation of fracture surface occurs due to coalescence of 
multiscale porosity generated at the stage of critical shear band density (Figure 3a). Micro-etching for different 
resolutions showed multiscale shear banding when the coarse band pattern consists of the fine bands pattern (with 
the number of bands 15-20) in the coarse band inter-space (Figure 3b). This microstructure pattern reveals self 
similar scenario of strain localization. Scaling analysis (Lyapunova et al. (2012)) of shear band induced roughness in 
the area of strain localization and the existence of scale invariants support theoretical results about the links of self-
similar solutions and characteristic stages of the ASB formation.  
To study the microstructural changes, observation of microstructures in strain localization areas and undeformed 
samples were done. Thin foils were investigated by electronic microscopy to identify the mechanism of shear 
banding at the level of structural fragments. It was shown the formation of fine-grain structure with characteristic 
size ~300 nm from the initial sub-grain structure with the mean size 1.5-2 microm (Figure 4). Along with low-angle 
boundaries arising in lattice dislocations in the original subgrain, it is the emergence of the high-angle boundaries by 
rotational deformation modes. Increased hardness, nature of the bands arrangement, their increased density near the 
surface of fracture, as well as the results of transmission electron microscopy established the characteristic 
microstructural effects for typical stages of adiabatic shear failure.  
 
   a      b 
Fig 3. a) Microstructure of aluminum sample in the area of plug formation (optical microscopy, x500); b) Microstructure of sub-
surface layer: coarse band stricture (left), fine band structure (right). 
 
  a         b 
Fig 4. Subgrain structure: a) initial low-angle sub-grain structure, b) high-angle sub-grain structure in shear band area (transmission 
electron microscopy). 
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In-situ infrared imaging and structural analysis of recovered aluminum samples subjected to the dynamic loading 
allowed one to link the collective behavior of defects (microshears) with strain localization and adiabatic shear 
failure. Two characteristic stages of defects kinetics are responsible for adiabatic shear failure: formation of solitary 
wave collective modes and the following transforming into the blow-up dissipative structure of damage localization 
and crack nucleation. 
4. Conclusion 
The stages of dynamic shear instability and ASB formation in the condition of torsional Kolsky bar test were 
analyzed on the phase field model and representation of out-of-equilibrium free energy of solid with defects in the 
Ginzburg-Landau form that was found after statistical description of collective behavior of defects. Specific type of 
criticality (the structural-scaling transitions) in solid with defects in terms of two structural variables (defect induced 
strain as damage parameter and structural scaling parameter, which reflects the current susceptibility of solid to 
defect growth) allowed us to link characteristic stages of shear strain instability and ASB failure with generation of 
collective modes of defects. These modes, that have the nature of self-similar solutions of the damage evolution 
equation (auto-solitary waves for the shear strain instability stage and blow-up structures as the precursor of ASB 
failure), provides the scaling laws for multiscale microstructure rearrangement responsible for characteristic stages 
of the ASB formation.  
Optical, TEM and microdiffraction study of the adjacent areas at the ASB fracture surface in aluminum revealed 
the sub-grain refining, pronounced aspect ratio of sub-grains in the shear localization areas and supported the scaling 
laws of structure rearrangement related to the types of collective modes of defects. Transition to the ASB failure is 
linked to the formation of the dislocation-free grains providing triple-junction sub-grain structure, anomalous 
hardening leading to the blow-up kinetics of free (stored) energy release. 
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identify the microstructure changes in the vicinity of the shear band fracture surface to improve the understanding of 
shear banding transition at the microscopic level.  
Microstructural effects that lead to the dynamic strain localization and adiabatic shear banding and the formation 
of plastic strain instability resulting in the plug formation were studied in aluminum and copper alloy samples 
subject to the impact by long steel projectile. Microstructural analysis in the area of plug formation allowed us to 
restore the structural scenario of intensive deformation in aluminum target including the morphology of fracture 
surface. It was established by the selected etching of the sub-surface layer (the longitudinal target cross-section), that 
the density of shear bands increased dramatically and reached to the critical slip band density approaching to the 
fracture surface area (Lyapunova et al. (2012)). Formation of fracture surface occurs due to coalescence of 
multiscale porosity generated at the stage of critical shear band density (Figure 3a). Micro-etching for different 
resolutions showed multiscale shear banding when the coarse band pattern consists of the fine bands pattern (with 
the number of bands 15-20) in the coarse band inter-space (Figure 3b). This microstructure pattern reveals self 
similar scenario of strain localization. Scaling analysis (Lyapunova et al. (2012)) of shear band induced roughness in 
the area of strain localization and the existence of scale invariants support theoretical results about the links of self-
similar solutions and characteristic stages of the ASB formation.  
To study the microstructural changes, observation of microstructures in strain localization areas and undeformed 
samples were done. Thin foils were investigated by electronic microscopy to identify the mechanism of shear 
banding at the level of structural fragments. It was shown the formation of fine-grain structure with characteristic 
size ~300 nm from the initial sub-grain structure with the mean size 1.5-2 microm (Figure 4). Along with low-angle 
boundaries arising in lattice dislocations in the original subgrain, it is the emergence of the high-angle boundaries by 
rotational deformation modes. Increased hardness, nature of the bands arrangement, their increased density near the 
surface of fracture, as well as the results of transmission electron microscopy established the characteristic 
microstructural effects for typical stages of adiabatic shear failure.  
 
   a      b 
Fig 3. a) Microstructure of aluminum sample in the area of plug formation (optical microscopy, x500); b) Microstructure of sub-
surface layer: coarse band stricture (left), fine band structure (right). 
 
  a         b 
Fig 4. Subgrain structure: a) initial low-angle sub-grain structure, b) high-angle sub-grain structure in shear band area (transmission 
electron microscopy). 
 
 Author name / Structural Integrity Procedia 00 (2016) 000–000  7 
 
In-situ infrared imaging and structural analysis of recovered aluminum samples subjected to the dynamic loading 
allowed one to link the collective behavior of defects (microshears) with strain localization and adiabatic shear 
failure. Two characteristic stages of defects kinetics are responsible for adiabatic shear failure: formation of solitary 
wave collective modes and the following transforming into the blow-up dissipative structure of damage localization 
and crack nucleation. 
4. Conclusion 
The stages of dynamic shear instability and ASB formation in the condition of torsional Kolsky bar test were 
analyzed on the phase field model and representation of out-of-equilibrium free energy of solid with defects in the 
Ginzburg-Landau form that was found after statistical description of collective behavior of defects. Specific type of 
criticality (the structural-scaling transitions) in solid with defects in terms of two structural variables (defect induced 
strain as damage parameter and structural scaling parameter, which reflects the current susceptibility of solid to 
defect growth) allowed us to link characteristic stages of shear strain instability and ASB failure with generation of 
collective modes of defects. These modes, that have the nature of self-similar solutions of the damage evolution 
equation (auto-solitary waves for the shear strain instability stage and blow-up structures as the precursor of ASB 
failure), provides the scaling laws for multiscale microstructure rearrangement responsible for characteristic stages 
of the ASB formation.  
Optical, TEM and microdiffraction study of the adjacent areas at the ASB fracture surface in aluminum revealed 
the sub-grain refining, pronounced aspect ratio of sub-grains in the shear localization areas and supported the scaling 
laws of structure rearrangement related to the types of collective modes of defects. Transition to the ASB failure is 
linked to the formation of the dislocation-free grains providing triple-junction sub-grain structure, anomalous 
hardening leading to the blow-up kinetics of free (stored) energy release. 
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